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There is a great interest in increasing the amount of recycled material used in asphalt 
mixes because of the beneficial impact on the environment. This is leading to the 
development of different recycling procedures, from cold in-situ to hot in-plant 
recycling. The objective of the study presented in this paper is to evaluate cracking 
resistance of recycled mixes manufactured by three types of processes, i.e., cold with 
emulsion, hot with high penetration bitumens and hot with emulsion (half-warm 
mixture), using 100% of reclaimed asphalt pavement (RAP) at different temperatures. 
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The recycling of bituminous layers is a highly valued alternative for road pavement 
rehabilitation from the economic and environmental perspectives because it leads to 
savings in energy and natural resources. This technique can even bring additional 
advantages compared to overlaying, such as maintaining section geometry and reducing 
the duration of traffic disruption. 
 
Different types of recycling processes of bituminous layers are currently used. Some 
consist of techniques which are consolidated and familiar because they are the oldest 
ones, namely hot and cold recycling of asphalt mixes. Specifications regarding these can 
be found in many countries (Dinis-Almeida et al., 2012). Other processes are newer 
techniques that produce warm and half-warm recycled mixtures about which much 
research is being conducted to verify the properties of the resulting mixture (Romier et 
al., 2006; Gaudefroy et al., 2007; Dinis-Almeida and Lopes, 2015; Lopes et al., 2015; 
Lu et al., 2016; Mallick et al., 2008; Punith et al., 2012; Van de Ven et al., 2007; Pérez-
Martínez et al., 2017). 
 
Hot recycling of an asphalt mix is the manufacture of a bituminous mixture using 
conventional materials (aggregates, bitumen and filler) but replacing a portion of these 
by material from milling of a deteriorated and aged pavement (commonly called RAP). 
The purpose is to achieve a mixture with similar characteristics to those of a 
conventional hot bituminous mix. However, the presence of RAP gives the mixture 
certain particular characteristics; the aged bitumen in the RAP is distinguished by its 
low penetration and high softening point, meaning that its cohesive properties are 
usually lower than those of a new bitumen. To compensate for this degree of ageing, a 
very soft new bitumen and even rejuvenating agents are often added, resulting in a 
blend of binders with acceptable properties (Yu et al., 2014). 
 
Another property to be analysed is gradation. The addition of new aggregates corrects 
the gradation of the aggregates of the RAP in order to achieve the particle size 
distribution and void content specified for a hot asphalt mixture. Mixtures made with 
this RAP have no problems of plastic deformation (Pasetto and Baldo, 2014); on the 
contrary, the main risk of these mixtures is excessive stiffness and very low ductility. It 
is therefore important to evaluate the behaviour of hot recycled mixtures at low 
temperatures by analysing their cracking resistance (Shah et al., 2007; Daniel et al., 
2010; Zaumanis et al., 2014).  
 
As far as mixing and compaction temperature is concerned, cold recycling with 
emulsion is at the other end of the recycling techniques. Mixtures are manufactured 
from material obtained from milled bituminous layers combined with a bitumen 
emulsion at room temperature. From the environmental perspective, these are the most 
sustainable mixtures since no virgin aggregates or heating of materials are needed 
(Salomon and Newcomb, 2000). On the other hand, from the technical point of view, 
there are some disadvantages compared with hot recycled mixes, and these are a barrier 
to their use. During the manufacturing stage, the layer of mixtures recycled with 
emulsion requires very high compaction energy to densify and the water in the emulsion 
a long curing time to evaporate. These two requirements mean a longer construction 
time, and therefore a lower performance during construction (Davidson et al., 2003; 
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Sebaaly et al., 2004; Kim et al., 2011). As to quality, significant differences are also 
found between these mixtures and hot recycled mixtures: mixtures recycled with 
emulsion have the advantage of being flexible, and can therefore be spread in very thin 
layers without cracking, but their stiffness modulus is usually very low, resulting in low 
resistance to traffic loads or to the action of water. For this reason, in some countries, 
the use of mixtures recycled with emulsion is restricted to the pavement base and binder 
layers of roads subjected to low intensity traffic (Jahren and Chen, 2007).  
 
New recycling techniques have been developed in recent years to improve the 
performance of cold recycled mixtures with emulsion by reducing the use of bitumens 
or excessive heating of materials. One of these techniques involves half-warm recycled 
mixtures, which are obtained by heating the RAP to a temperature not exceeding 100°C 
and mixing it with a bitumen emulsion (Olard et al., 2009). In this process, the 
manufacturing and laying temperature is lower, thereby reducing fuel consumption and 
greenhouse gas emissions. Additionally, the highest possible rate of recycled material is 
used. 
 
Half-warm recycled mixtures have certain advantages over cold recycled mixtures 
because RAP temperature favours coating and increases initial cohesion of the mixture 
(curing time is decreased). As a result, these mixtures have better mechanical 
characteristics, keep similar flexibility and can be laid in thin layers.  
 
In summary, recycled mixture design must pay attention to mixture workability to 
facilitate laying and compaction, and to stiffness and ductility because of their influence 
on in-service behaviour of pavements. 
 
The following study compares the above properties in recycled mixtures manufactured 
by the three recycling processes: hot, half-warm and cold. The mixtures were prepared 
with the same type of RAP without the contribution of virgin aggregates, thereby 
ensuring the formation of similar granular structures and keeping constant residual 
bitumen content. 
 
To evaluate workability of mixtures, all specimens were manufactured using the 
gyratory compactor and applying the same number of gyrations and the same conditions 
of vertical pressure and gyration angle, and volumetric variation and shear stress were 
recorded during the compaction process (Martínez et al., 2007). To analyse the 
mechanical properties, Fénix test was applied at different temperatures to determine the 
number of parameters related to stiffness and ductility of mixtures (Pérez-Jiménez et al., 
2010; Miró et al., 2014). This test was also used to assess cracking resistance since 
cracking is a typical distress associated with high RAP content mixtures, as stated by 
many researchers (McDaniel et al., 2000; Zaumanis et al., 2014; Pasetto and Baldo, 
2017).  
 
2. METHODOLOGY AND EXPERIMENTAL PLAN 
 
The study consisted in manufacturing four recycled bituminous mixes using the same 
type of milled bituminous material, reclaimed asphalt pavement (RAP), without 
contribution of virgin aggregates, i.e., adding 100% RAP, with bituminous binders and 




Table 1. Experimental plan with number of specimens. 





Number of Fénix 
specimens tested at 
(No.)  
-5ºC 5ºC 20ºC 
Hot recycled 70/100 6 4 4 4 
Hot recycled 160/220 6 4 4 4 
Half-warm recycled C67B3 6 4 4 4 
Cold recycled C60B5 6 4 4 4 
 
The RAP contained 4.06% of bitumen. The solid line in Figure 1 shows the RAP 
gradation used to manufacture the specimens. The dashed line corresponds to the 
gradation of aggregates after the extraction test. This figure shows how the fines are 
























Fig. 1. Gradation of RAP and recovered aggregates.  
 
Two of the mixtures were hot-recycled with different penetration bitumens, 70/100 and 
160/220, and manufactured at 145ºC. Since the function of these bitumens is to restore 
the lost properties of the aged bitumen of the RAP, i.e., penetration and viscosity, the 
degree of influence of this variable (bitumen type) on the properties to be analysed was 
also determined. 
 
The other two mixtures were prepared with cationic emulsions. One was cold-recycled 
with C60B5 emulsion (58-62% bitumen content and breaking index 5); the other was 
half-warm by heating the RAP at 100ºC and mixing it with C67B3 emulsion (65-69% 
bitumen content and breaking index 3). The latter emulsion has higher residual bitumen 




The penetration index of the recovered binder from the RAP was 16 tenths of 
millimetres (0.1 mm) and the softening point, 84ºC. Residual bitumen content was kept 
constant in all cases, i.e., 5.5% by weight of mixture (5.8% by weight of RAP), to 
determine the percentages of bitumen and emulsion to be incorporated in each type of 
mixture. 
 
With regard to manufacturing conditions, 100 gyrations of the gyratory compactor, a 
piston vertical pressure of 0.6 MPa and a gyration angle of 0.82º were applied following 
the standard test UNE-EN 12697-31. Six replicates were manufactured for each type of 
mixture. 
 
Mixtures prepared with emulsions were compacted using slotted moulds to allow 



















Fig. 2. Slotted moulds used for compacting mixtures. 
 
In the case of mixtures with emulsion, coating water content was 1%, obtained from 
Proctor compaction test (standard UNE 103501) and curing conditions were three days 
at 50°C according to the Spanish Technical Specifications for Roads Rehabilitation 
(PG-4, 2001). 
 
The parameters recorded during the compaction test were the evolution of density and 
shear stress. At the end of the compaction process, and the curing time in the case of 
specimens made with emulsion, bulk density was determined by the hydrostatic method 
according to standard UNE-EN 12697-6. 
 
Cracking resistance of all specimens was evaluated by Fénix test. This test determines 
the effort required to crack a semi-cylindrical specimen by applying a tensile stress 
along the diametrical plane through two metal plates glued to the specimen in the 
diametrical plane and subjected to the anchors of the press. The test is performed at a 
constant displacement speed of the piston of 1 mm/min. The specimen has a small notch 
between the two plates, as shown in Figure 3, which induces cracking of the specimen. 
The load applied and piston displacement are recorded throughout the test to determine 
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tensile stiffness index (IRT), fracture energy (GD), toughness index (IT) and 






Fig. 3. Fénix test specimens and load-displacement curve. 
 
A stiffness parameter (tensile stiffness index) is defined as the slope of the load-
displacement curve between 25 and 50% of maximum load reached during the pre-peak 




where IRT = tensile stiffness index, kN/mm; Fmax = peak load, kN; d0.5Fmax = 
displacement before peak load at ½ Fmax, mm; d0.25Fmax = displacement before peak 
load at ¼ Fmax, mm. 
 
Fracture energy during cracking, GD, is also calculated as the fracture work done (area 
under the load-displacement curve) divided by the fracture section: 
 
, 
where GD = fracture energy, J/m2; F = load, kN; df = displacement at F = 0.1 kN post-
peak load, mm (considered as a residual value); x = vertical actuator displacement 
(mm); S = fracture section (m2).  
 
Two ductility related parameters can be obtained, namely toughness index (IT) and 
displacement at 50% of post-peak maximum load, d0.50 Post Fmax. IT quantifies the 
ductility of the material by multiplying the width of the softening curve by the 
dissipated energy once the maximum load is reached. The d0.50 Post Fmax provides similar 




Fenix test was compared with Semi-Circular Bend (SCB) test in the assessment of 
fracture behaviour of different types of mixtures. Both tests gave similar results about 




Test temperatures were -5ºC, 5ºC and 20ºC to evaluate the response of the mixtures in a 
wide range of temperatures. The six Marshall specimens obtained with the gyratory 
compactor allowed twelve semi-cylindrical specimens to be obtained. Thus, four 
replicates were tested with each mixture type for each test temperature. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Results of gyratory compaction 
 
The evolution of density with the number of gyrations can be seen in Figure 4, which 
shows a clear difference between the density of the cold recycled mixture and the other 
three mixtures. The lower density of the cold mixture is kept until the end of 
compaction, resulting in a mixture with higher void content. As Figure 5 shows, the 
effort made to compact the cold mixture is higher than that used for the other mixtures. 
 
The half-warm recycled mixture and the hot recycled mixtures behaved similarly, 
demonstrating that heating the RAP improved workability of mixtures with emulsion 
and reduced shear stress required to densify the mixture. 
 
The results for the two hot recycled mixtures indicate that both were compacted in a 



















Hot recycled mix with 70/100 pen bitumen
































Hot recycled mix with 70/100 pen bitumen




Fig. 5. Evolution of shear stress during gyratory compaction. 
 
The results of bulk densities, theoretical maximum specific density (Gmm), air void 
content and shear strength at the end of compaction are collected in Table 2.  
 
Table 2. Parameters obtained from the compacted specimens. 















Hot recycled with 70/100 pen bitumen 2.328 2.484 93.7 6.3 224.3 
Hot recycled with 160/220 pen bitumen 2.329 2.478 94.0 6.0 224.1 
Half-warm recycled mix 2.318 2.460 94.2 5.8 227.4 
Cold recycled mix 2.083 2.481 83.9 16.1 285.3 
 
Given the great difference in the compaction degree between the cold mixture and the 
hot and half-warm mixtures, it is evident that the compaction indices designed for hot 
mixes (Dessouky et al., 2012; Anderson et al., 2002), such as N92 (number of gyrations 
the compactor takes to reach 92% Gmm), workability energy index WEI (energy 
necessary to compact a sample from zero gyrations to N92% Gmm) or construction 
densification index CDI (area under the densification curve from 8 gyrations to N92% 
Gmm gyrations) cannot be applied.  
 
3.2. Results of Fénix test 
 
3.2.1. Relationship of load-displacement with temperature effect  
 
The influence of test temperature on the behaviour of tested mixtures is shown by the 
load-displacement plots obtained from Fénix test, Figures 6a, 6b and 6c. At 20ºC, hot 
recycled mixtures reach the highest maximum load while mixtures with emulsions have 
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different behaviours. The half-warm recycled mixture reaches a higher maximum load 
than the cold recycled mixture but a lower load than the hot recycled mixtures. 
 
At 5°C, the load-displacement curve stresses the value of maximum load and ductility 
degree is lower than those recorded at 20°C for all mixtures. Regarding hot recycled 
mixes, the one manufactured with 70/100 pen bitumen has a higher maximum load than 
the one manufactured with the softer 160/220 pen bitumen, although the slopes of the 
curves for hot and half-warm recycled mixtures are very similar, indicating that stiffness 
is of the same order in all three cases. 
 
At -5ºC, both hot and half-warm recycled mixtures behave similarly while the cold 

















Hot recycled mix with 70/100 bitumen























Hot recycled mix with 70/100 bitumen





















Hot recycled mix with 70/100 bitumen




Fig. 6c. Load-displacement curve at -5ºC, Fénix test. 
 
3.2.2. Analysis of the parameters obtained from Fénix test 
 
The variation of the parameters obtained from Fénix test as a function of the 
temperature makes it possible to analyse and compare the response of mixtures with 




The results are analysed in comparison with the criteria proposed by the Road Research 
Laboratory of the Technical University of Catalonia (UPC) for the design of 
conventional dense bituminous mixtures, called asphalt concrete (AC) mixtures, in 
order to identify tough and cracking resistant mixtures (Pérez-Jiménez et al., 2014). 
These criteria are based on looking for maximum toughness provided that the mixture 
retains a minimum void content, stiffness modulus and fracture energy. The proposed 
parameters and values are shown in Table 3. 
 
Table 3. Design criteria proposed for asphalt concrete (AC) mixtures. 
Parameter Value 
Void Content (%) > 4 
Tensile Stiffness Index (IRT) (kN/mm) > 2.5 
Fracture Energy (GD) (J/m2) > 200 
Toughness Index (IT) (J/m2).mm Acceptable > 75 
Recommended > 150 
Ductile Mixtures > 200 
Displ. at 50% of post-peak max. load 
d0.5 PostFmax (mm) 
Acceptable > 0.4 
Recommended > 0.8 
Ductile Mixtures > 1.0 
 
 
The application of these criteria leads to variations in mixture ductility and stiffness 
with temperature. The criteria are addressed to the design of ductile and cracking 
resistant mixtures at a temperature of 20°C. 
 
The variations in tensile stiffness index (IRT), displacement at 50% post-peak 
maximum load (d0.5 PostFmax) and fracture energy (GD) as a function of the temperature 
can be seen in Figures 7 and 8. Toughness index results are not shown because the 
trends obtained are similar to those of d0.5 PostFmax. 
 
Figure 7 shows that it is possible to manufacture half-warm recycled mixtures with 
similar stiffness and ductility to those achieved by the hot recycled mixtures at the three 
test temperatures: 20ºC, 5ºC and -5ºC. The results for the cold recycled mixture show a 
clearly different behaviour, with an approximate 50% decrease in stiffness throughout 
the whole temperature range and an increase in displacement at 50% of post-peak 
maximum load, which is more pronounced at 5ºC. 
 
Comparison of these results with the limits proposed for conventional mixtures shows 
that all mixtures have enough stiffness because of the RAP addition, and so they amply 
exceed the minimum IRT required. As for displacement at 50% of post-peak maximum 
load, all mixtures also meet the minimum value of 0.4 mm at 20ºC while at lower 
temperatures hot and half-warm recycled mixtures exhibit a significant reduction of 





Fig. 7. Variation of Tensile Stiffness Index (IRT) and Displacement at 50% of post-peak 
maximum load (d0.5 Post Fmax) with temperature, Fénix test. 
 
Figure 8 illustrates the variation of fracture energy and displacement at 50% of the post-
peak maximum load with temperature. Both hot and half-warm recycled mixtures meet 
the minimum proposed energy requirement of 200 J/m2 but the cold recycled mixture 
has much lower energy values throughout the temperature range and does not meet 
those specified for hot recycled mixtures. Moreover, this mixture exhibits an opposite 
behaviour to that of the other mixtures, i.e., energy decreases as temperature increases, 





Fig. 8. Variation of Fracture Energy (GD) and Displacement at 50% of post-peak 
maximum load (d0.5 Post Fmax) with temperature, Fénix test. 
 
Average values of the four replicates for each condition, together with error bars, are 
plotted in Figures 7 and 8. The coefficient of variation for the hot and half-warm 
recycled mixtures is lower than or equal to 10%, and higher dispersion is observed in 
cold recycled mixtures, 15% on average. Moreover, the results for the cold recycled 




The aim of this study was to compare the mechanical response of four recycled mixtures 
made by three different processes: hot recycling, cold recycling and hot with emulsion 
(half-warm mixture). 
 
To this end, Fénix test was carried out at different temperatures. The workability of 
mixtures by gyratory compaction was also evaluated. RAP content and nature, as well 
as the total amount of bitumen, were kept constant in order to compare the results of the 
four mixtures. 
 
The analysis of shear stress during mixture compaction by the gyratory compactor 
confirmed the lowest workability of cold recycled mixtures and how this problem can 
be solved by heating the aggregates. It also showed that half-warm recycled mixes can 
reach very similar densities to those of hot recycled mixtures. 
 
Moreover, the validity of the criteria established from the Fénix test for the design of 
conventional bituminous mixtures was confirmed. These criteria ensure minimum 




It was also observed that hot recycled mixtures can meet the specified criteria, but great 
caution must be taken with the ductility of mixtures at low temperatures as this property 
becomes critical from 12ºC. 
 
In the case of half-warm recycled mixtures, it was confirmed that they can behave 
almost like hot recycled mixes in terms of stiffness and ductility. 
 
Finally, ductility of cold recycled mixtures was found to be much higher than that of hot 
and half-warm recycled mixtures, as expected. On the other hand, stiffness was 
significantly lower, specifically about half the value for hot and half-warm recycled 
mixtures. 
 
These results are consistent with the field of application of cold and hot recycling. Cold 
in-situ recycling can be used in roads subjected to low intensity traffic, where 
bituminous layers are thin and must be very flexible and ductile. In the case of hot in-
plant recycling, a mixture with similar stiffness and mechanical behaviour to those of a 
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